288 


Transactions of the Royal Society of Neiv Zealand, 
Voi. 75, Part 2, pp. 288-318. Plate 21. 10 Pigs. 


The Basic Igneous Rocks of Eastern Otago and Their 
Tectonic Environment. 

PART IV, SECTION C. 

EXOGENOUS AND ENDOGENOUS METAMORPHISM 
ASSOCIATED WITH THE THOLEIITES AND DOLERITES 

OF MOERAKX 

By W. N. Benson. 

WITH APPENDIX—PETROFABRIC' ANALYSIS OF 
THREE XENOLITHS. 

By F. J. Turner. 

[Head before the Otago Branch of the Royal Society of New Zealand, October 
10, 191/1/; received by the Editor, April 3, 191/5; issued separately, September, 

191/5. ] 

Effects of metamorphism in New Zealand hitherto described 
have been confined for the most part to propylitisation and deuteric 
processes in volcanic rocks (e.g., Finlayson, 1909; Morgan, 1908, 
1924; and Benson, 1944) to thermal metamorphism about plutonic 
intrusions (e.g., Bell and Webb, 1906; Marshall, 1909; Benson and 
Bartrnm, 1936) and to the very varied effects of dynamic meta¬ 
morphism and also of additive metamorphism and assimilation (e.g. 
Turner, 1930, 1933, 1938, 1939, 1940; Hutton, 1940; Williams, 1934). 
A general survey of the older work on metamoi’phism in New Zealand 
has been given by the writer (Benson, 1928, pp. 56-68). We are here 
concerned with features displayed on a much smaller scale, the slight 
thermal metamorphism of sediments still more or less hydrous and 
plastic at the times of their invasion by small masses of basaltic 
magma, the greater changes produced in inclusions of such sedi¬ 
ments within the intrusive masses, and the still more marked effects 
on inclusions of fragments of quartzose schists and of vein-quartz 
brought from great depths by such intrusive masses, and also modifi¬ 
cations of the basic rocks themselves by assimilative reaction with 
these quartzose xenoliths. Some of the features described have been 
much studied in other lands, and detailed accounts thereof have been 
given by Lacroix (1893), Rosenbusch (1908, pp. 1294-1303) and 
others. 

The field occurrence of the rocks to be described has been already 
stated (Benson, 1943-4). It is sufficient to recall that dykes and 
irregular sheets of tholeiite and dolerite have invaded a series of 
Eocene sediments and contain in addition to xenoliths of these, frag¬ 
ments of quartzose schist and vein-quartz, sometimes aggregated in 
such abundance that, as in comparable occurrences in Skye (cf. 
Harker, 1904, p. 351), the doleritic rock resembles a conglomerate 
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(see Plate 21B). The xenoliths are not, however, uniformly distribiited 
throughout the basic dykes and sheets, but are almost confined to a 
narrow belt striking in a northerly direction across the eastern po to 
of the Moerald peninsula continued, apparently, by a massive sheet 
or dyke, outcrops of which rising above the sea floor make an mte!- 
mittent series of reefs extending from Moeraki Pant 
nearest outcrop of dolorite m Lookout Bluff, six miles n01 . th 
Moeraki. Thev were probably derived from a fracture-zone m the 
basement schist through which the basic magma rose to pass through 
the overlying greywacke and semi-schist and invade the Cietaceous 
and Eocene sediments resting thereon. It is noteworthy that soar 
no xenoliths derived from the greywacke and semi-schist have been 
recognised in the igneous rocks in the Moeraki district. 

Thermal. Alteration op Eocene Sediments. 

The various contact-alterations of the invaded sediments are de¬ 
scribed in order of their age. The Danian rocks in the are ^ con . s ^^ 
(Benson, 1943, p. 127, fig. 3) are not seen in contact with igneom 
rocks Lower Eocene Kurinui Beds are m contact with dolerite on 
the shore three-quarters of a mile east of Hillgrove station and beyond 
induration show little mineralogical change. Specimen fa 8 ® 3 ) “ * 

siltstone consisting of angular grams (< °;1 mm - r °;i 1 aceous 

and a little acid plagioclase set m a dominant turbid ar,»illaces . 

matrix containing glauconite (<C 0 - 15 mm.) a fe . .„ v ’ 

abundant obscure casts of radiolaria, and less abundant foraminifera 
and sponge-spicules. In (5862 and 5864) caleite is the chief mineral 
in all but the small argillaceous patches. It forms turbid mt 
lockin'* granules (< 0-5 mm.) containing poikilitically much angular 
quartz” rounded grains of magnetite and scanty plagioclase; glau- 
conite is represented by limonitic pseudomorphs It is possible that 
heatin'* by the adjacent magma may have facilitated induration by 
recr^tall^ationhi the sediments, but it is evident that the tempera 
tore'did not reach or exceed the point (rather more than 500 C. at 
low pressure such as existed here) where reaction between quartz 
and caleite could commence according to Goldschmidt (1912 p. 6), 
though Bowen (1940, p. 13) indicated there are uncertainties in¬ 
herent in this estimate. . , , 

The Middle Eocene Bortonian Mudstone invaded by the doieiite 
at Tawitiatauka shows to a slight degree the effects of induration 
and change described below for the similar Tahuian sediments. 

Upper Eocene Tahuian mudstones are invaded by dolerite at 
Moeraki Point and at several places from Tawhiroko Point south¬ 
wards. Their contact effects were observed at the first locality by 
von Haast (1872 1877) and Hutton (1887), who thought that the 
Sneous aa r S oc4 18 wL flow's.. 

rocks has recently been discussed by Tomkeieff (194 , PP- ’ K ^ 
and is here reviewed. The term buchite was apparently used by 
Mold (1873) for the glassy product of sandstone vitrified at itscon- 
tact with thin basic and ultrabasic sills, and containing relics of 
the original quartz grains with small, new formed crystals later 
recognised to be cordierite; mullite, augite, rhombic pyroxene, 
magnetite, colourless microlites, and tridymite (?) t also trichites and 
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globulites and numerous gas-pores, have also been noted in such rocks 
the term buchite has been used in this sense by several authors 

£o dlng ,!°? b T h m (1908 > PP- 1295-6), Harker (1904, pp. 245-6, 
1932, pp. 70-1) and Tomkeieff (loc. cit.), the last noting the presence 
o new-formed crystals of plagioclase and sanidine suggesting “ a 
certain amount of transfusion between the magma and the sedi- 
ments, a view which has been supported by Reynolds (1936) and 
others. Harker (1932), quoting Lemberg’s analyses, stated that such 
semi-vitreous buchites may contain 3-5% of water rising to 10-12% 
m the purely glassy material. Prohaska (1886) and Plett (1908) 
extended the connotation of buchite to included vitrified shales and 
phyllites. Holmes (1920) thereunder included also phyllitic and 
other rocks vitrified by the effects of friction in mylonitised crush- 
belts, and Thomas (1922) vitrified aluminous clays from which sap- 
plnre, spinel, anorthite and mullite might crystallise. Jugovics (1933) 
however, restricted the use of the term to more or less vitrified 
arenaceous rocks as originally proposed, and applied the old term 
baS f n f Spei i the , altered argillaceous rocks, as did Richarz (1924, 

\ an( ^ Rosenbusch (1908, p. 1298) who, however, included 
vitrified greywaekes under this term. Tomkeieff (loc. cit.), remark- 
mg that this term is self-contradictory and is not used in Britain, 
made the alternative suggestion (a) to use buchite in its original 
sense and porcellanite for the products of thermally altered argill¬ 
aceous rocks, or (b) to give to these terms a textural rather than a 
chemical significance, using buchite for vitreous or semi-vitreous 
material whether arenacous or argillaceous, and porcellanite for un¬ 
vitrified but finely crystalline contact products of such sediments, with 
liornfels for their less finely crystallised products. Since the amount 
ot argillaceous material in the Moeraki mudstones is variable, though 
usually small, and some of them are rather calcareous, the latter 
alternative is here adopted. Though no sharp distinction has been 
observed between porcellanite and buchite (von Haast used the name 
porcellam-jasper to cover both), the porcellanite is “ a compact rock 
ot light colour with the appearance of unglazed porcelain ” (cf. 
Holmes, 1920), and is formed by the induration of mudstone making 
a semi-conchoidally fracturing rock within a few feet of the in¬ 
trusion; the buchitic character appears nearer to the intrusive mass 
where the curving fractures assume smaller radius, and a vitreous 
lustre is observable m hand-specimens, while under the microscope 
n!U*T C ba f Tobservable which may finally make up the greater 
part of the rock, though enclosing small residual and often corroded 
quartz grams, traces of micas, which may be residual, and perhaps 
scanty new-formed feldspar microlites. ' * 

The grey mudstone is almost unaltered within three feet of 

n«tri aSe nL!? e , ] ^ oera c kl Pomt intrusion, and in the middle of the 
narrow (14ft) strip of sediment between the bottom of the Tawhi- 
roko sheet and its basal spur. The latter rock (5744) is a calcareous 
fT.? radiolaria andsponge-spLuks 

™ir u • J*® ■intrusive sheet (5894) or four of the basal 

-rains 5 J? n no Ch0 ^ f ^ aeture is wel1 developed, and sparse residual 
grains (< 0 02 mm.) of quartz with a little feldspar, biotite and 
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sericite occur in a dominant isotropic matrix still shoeing tlie out 
lines of the casts of these siliceous organisms, but rendeiecl tuibid bj 
dust-like iron-ore and argillaceous material. The refractive c 
of this glass, according to Dr. Hutton, is usually 1 7 ' ’ 

but ranges from 1-465 to 1-475. A similar rock (5893) iornm the 
margin of the huge slab of altered mudstone 5-10 feet thick a 
over 50 yards long standing almost vertically m the dolente of the 
Main Moerald sheet south of Okahau Point. The fragment of mud^ 
stone (5873a) included in the dolente m the centre of the Tauhnoko 
sill is still more turbid, and its very abundant radiolarian eastsme 
filled with carbonates. Similar to this is a sample (5928) obtained 
four inches from the basal spur of this sheet, differing from the 
above in the tawny colour of the isotropic material resulting from a 
oreater content of‘dust-like haematite, and the rather greater propor¬ 
tion of small residual quartz grains. The possibility that hot mag¬ 
matic and connate water acting on the finely divided quartz grams 
in this rock might have developed opal, and that such might be the 
isotropic matrix of this rock suggested investigation, the results ot 
which are indicated below:— 



5928 

Quartz (a) 

Quartz 
Glass (a) 

Opal (a) 

Buchite 

A 

B 

C 

D 

51.7% (C) 

3.0% 

1.47-1.18 (cl) 
2.23 

19.8% 

Nil 

1.344-1.353 

2.03 

“ Strong ” 

Nil 

1.458 

2.20 

93.4% 

0-12%. Av. 0% 
1.430 

2.20 

3-3% (b) 
1.47-1.48 (e) 
2.42 (e) 


A Solubility on boiling finely ground niatcri 
B Water given off above 110° C. 

C Refractive index 01 indices. 

D Specific gravity. 

(a) Data from* Doelter (1914). 

(b) After Lemberg cited by Barker (1932). 

(e) ~ 1 

(cl) 


Kindly determined by Dr. S. N. Slatei. 

Kindlv determined by Dr. C. O. Hutton, who notes that 1.4701 ± 0.003 
measured in Xa light is the usual figure, though one flake gave die highei 

<e) Datahom Tomkeieff (loo. oit. P . 50). B.1. = 1.472-1.407 in Holmes (1930). 

It would appear from the above that bucliite may be accepted 
as the nature of this material (5928). The slight variation m proper¬ 
ties will probably be due to the variation in content of lime, the 
rock is transversed by many irregular cracks containing calcite. 

A small chip (5839) enclosed in a thin tachylytic dyke invading 
the Tawhiroko sheet (see Benson, 1944, p. 96, fig. 7) may represent 
a less rapidly cooled product of semi-fused material which lias taken 
up material from the magma, for though it contains minute angulai 
or embayed relics of quartz grains, the groundmass seems to have 
devitrified into a mass of skeletal crystals of alkaline feldhpai with 
a general parallel elongation, and occasional flakes ot biotitc. 

Contrasting with these is a more calcareous rock, which was 
probably plastic when taken up as an inclusion into (5833) the 
dolerite near Matialia Head (see Benson, 1943, p. 135, fi B . 8). ills 
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has been converted into an exceedingly finely granular calc-silicate 
rock pale green m colour, in which it is just possible to recognise 
an abundance of tiny (< 0 03 mm.) prisms of diopside in a colour¬ 
less matrix containing granules of quartz and microlites (< 0 05 
mm.) of alkaline feldspar. Casts of radiolaria are still obscurely 
indicated Since the grain-size of this rock is so small the names 
calc-silicate hornfels or porcellanite previously applied to it ('Benson, 
i943) may with advantage be replaced by calc-flinta. The presence 
ot the cale-silicate mineral diopside is indicative of metamorphism 
at a relativeiy high temperature, which its complete enclosure in 
basalt would also indicate. 

Exogenous and Endogenous Alteration at tiie Contact op 
Doleritic Magma with Xenoliths Derived prom the Siliceous 

Basement Rocks. 

Here we are concerned with prolonged interaction between 
magma and a varied series of siliceous schists, gneisses and vein- 
quartz derived from great depths, far below the base of the Cretaceous 
sediments where here rest on the Late Palaeozoic to Early Mesozoic 
( 0 greywackes and argillites of the Kakanui Range. The eruption 
ot the magma appears to have been rapid, and the extent of altera¬ 
tion prodiiced depended therefore on the rate of consolidation of the 
magma. Distinction is drawn therefore between: 

rl^w a !w he ± e m nC lt ti0 " S . . xenoliths in quickly chilled tholeiite 
djkes, that at fe Kanpi Point being taken as an example; 

o-n T hat °f xenoliths near the lower margin of the Tawliiroko 
om ; and 

(c) Those of xenoliths in the slowly cooled holoerystalline 
centre of that sill. J 

(a) Xenoliths vn Quickly Chilled Dykes,. 

** Te + Karipi 25 w ide, slightly vesicular and 

tholeutic (5857) containing (m order of abundance) labradorite 
titanaugite and olivine in a glass rendered almost opaque by the 
abundant finely divided ores. Adjacent to the vesicles, there is a 
little glass Siliceous xenoliths are scattered through the rock 
ilie contact-line between the xenoliths and their host is strongly 

mC l epend 1 ent . of: ' the schistosity plane of the xenoliths, 

. ch is also obliquely intersected by irregular veinlets of the 
igneous rock. Along the main boundary line there is the reaction- 
f !" g £ PnSmS termed the corona Allowing Lacroix 

iqnn?’ P ’i 20) U ! age ’ t } le it f llglt Kranz ” of Rosenbusch (1908, p. 

an< i sometimes the Augit Zaum ” of other German'petrolog- 
lsts (e.g., Zirkel ?)*, but such coronas thin out and disappear whefe 
Uextends-m projections into the xenolith. The corona 
s 0 3 0 5 mm. thick, and consists of dense aggregate of small nrisms 
ot augite, often biit not always perpendicular to the contact-surface 
1 he basic material projecting beyond the corona into the xenolith 
consists of less titaniferous prisms of diopsidic augite with sub 
ordinate tabulae of labradorite, often with sk eletal extensions, set 
* Cited from memory. ~ —- 
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in „ o. lass containing sheaf-like bundles of augite-needles (< 0-6 
mm. long), dusty or finely octahedral magnetite and rectilmearly 
branching or curved feldspar microlites. In the distal veinlets of th 
material the matrix almost is wholly glassy. 

Within the xenolith there was a sparse development of tridy- 
• t „i ono > cracks extending 0 5 mm. from the contact adjacent to 
wSfch it Lilted to quartz, but beyond 0 3 m from corn 
tact what remains has such low birefringence and lefiactne index 
that it is probably still tridymite, though m unite too ™*stmct t 
display characteristic outlines. Heating to ovei 870 C. n l c J 
too ranid to permit complete reversion of the tridymite to quaiU 
may have occurred here. In association with the quartz there are 
z'\ \ rarelv large crystals (<C 1*0 x 7 mm.) of aiidesine (Ai 41) 
which has no augite corona, but frays out against the tholente into 
lmost rectangular platelets (0 05 x 0 02 mm.) separated by films 
of basic maema which have entered the cleavage planes parallel to 
fooTl SoTLacroix (1893, p. 572) described a S cMketeitruoturc 
and figured, Lid Knopf (1938, p. 374) baa also noted Neither of 
these writers lias, however, noted that, as determined by Di. F- J • 
Turner using universal stage methods on our rock, this margmallj 
altered feldspar has been made over into An 5 s, approximately t 
composition 0 P f the plagioelase in the adjacent tholente or hasbeen 
extended by deposition of such feldspar upon it. The openin e 
of these cleavages, but without the injection of glass may ' e . 
adjacent to a thin tachylitic vemlet traversing the mam poition 
of this crystal. (See Fig. 1A). _ 



ML 1-4. Xenociyst of '*£ ‘"rts 

it JSfiSaii X 

Moeraki. . . 

T • „+• Ron-™ v 71922 nn 524-531) discussion of the re- 
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solid plagioclase (about An 84 ) with which the plagioclase in tlie 
basaltic melt would be m equilibrium (cf. Bowen, 1922 fm. 1) and 
could not remain unmolten in contact with basaltic inelt'unless its 

£"»lKr W? n T 1 ? 40 ° C " Whidl » *■«« certainly WaW 
be. Theie will, however, be a notable solution of the xenolithic 

andesme and a concomitant crystallisation of more basic plagioclase 
Fvm! n fhn° W f ldS a com P° sltion in equilibrium with that in the melt 
rio + t H U ^’ ° n a , < r c , ount of the approximate equality between the 
nsi y of the xenolith and the'melt, there may not be much relative 
movement between these, the reaction cannot pi^eed Sr stethe 

prodnced“sn g a™ow J ’ ^ m “ rS “ al 20M ot basifM Plagioelase 



10 • “ Mai "in of xenolith of yubln o in bavilt „.p i 

Diindas, near Sydney, Xew South Wat, ( > ° f ' olca,,IC ,leck at 

(:M4?lfthe ir ^tw diti ° + nS ma { be exemplified by a gabbroid xenolith 
(344; m the rather potassic basalt filling- a neck at Dundas BPur 
Sydney, New South Wales [see Benson (1910) PI. 24 £ 5 and fig 

" if the tr “« e crack inthe^side 

plao-ioclase is An ‘ n^A ^ nor “ atlve composition of the basalt- 
pia to iociase is An 44 or An 48 , according to whether the nW 

in° the 1 reacthfn ^ ^uc^ ^i—^ may or raay not Unction as albite 
libriu^i with A a hquid A lls composition would be in equi- 

- b tlle , solidus An 70 or An 78 , which is but little more calcic 
than the plagioelase of the xenolith shown by Dr. Turner’s universal 
stage measurement to be An C7 . I n view of the greater dels ty 

hive been sSf n \ 5? T 1 the basalt-magma,"the formei mjy 

nave been sinking through the latter while magmatic corrosion w *>« 

in spited ^° min ] g to rest °. nly when tlj e basalt consolidated. Hence 
in ^te of the slower cooling of the basaltic magma in this case,’ 

+ °' o'rthe^opticariiKUoatTix Xrioclw™? the olientatIo “ 

universal sta-e dS.mn LP S , ( ? f -, Barbe ^ 193C > P- 240). The 

accords with "the ncnmativ^coinposhioii^ 11 ^ 100 ^* 186 *“ (344) as a,JOut Ab “ 
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some solution of the xenolithic plagioelase (but not augite) may be 
inferred from the nature of its boundary against the basalt, thougn 
not even a thin film of new-formed plagioelase can be detected as 
having been deposited on the corroded surface of the plagioelase ot 

the xenolith. , __ 

As a final example of inclusions in dykes may be mentioned one 
of quartz-schist (5852) in the dyke crossing the railway line a mile 
and a-half south-east of Hillgrove. This small xenolith has a very 
well developed augite-corona separated from it by pale green chloritie 
material probably replacing glass. (See Fig. IB.) The medium 
grain-size and holocrystalline nature of the host-rock suggest s o 
cooling than occurred in the tholeiitic dyke at Te Karipi, a feature 
transitional into the next group of xenoliths to be discussed. 

(I > l Xenoliths Near the Lower Margin of the Tawhiroko Sheet. 

About 15 feet above the base of the Tawhiroko sheet there is 
traceable for over 50 yards through the slightly vesicular olivine 
tholeiite (5834) a band of varied siliceous s 7 ol ^^°X g st “^ 
advanced reaction. A fragment of vein-quartz(5756) illust:ra ed 
in Fig. 3, shows ramifying vemlets of semi-vitreous basalt y 
irregular in width, locally, but by no means always, following the 
original intergranular boundaries and dissolving their way 
quartz grains* appearing in section as rounded patches in the centre 
of Lain as in Y of Fig. 3. These veinlets contain zoned prisms 
of andesine squarish in cross section, < OA mm. lo ^gando ten 
with skeletal extensions, and less abundant short or elongated (< 
0 50 mm.) prisms of pale yellow-brown augite, and long needles of 
anatite (or sillimanite ?) with octahedra of magnetite and platelets 
SCniS. The glassy matrix contains needles of ^ 

ites or margarites of iron ores. Around many of the feldspars the 
glass has devitrified with formation of a minutely micro-spherulitic 
structure surrounded by a zone of glass blackened by the concentra- 
tion therein^? 1 dust-like particles of ore. The boundaries of these 
acidified veinlets are sometimes quite sharp against the quartz but 
more often they are marked by a narrow palisade of platelets of 
tridymite reverted to quartz, either rectangular or elongated, with 
forked ends and twinning resembling that of sanidme. Local y 3 
merge into a thin (0 02-0.05 mm.) ribbon of quartz extending in 
optifal continuity for half a millimetre or more along t^eontact 
between the quartz of the xenolith and the ramifying v • 
reverted tridymite platelets may also project m denticles hom the 
veiSet into Se quartz grains. Elsewhere the microspherulitic 
material in the veinlet may extend beyond its boundary into cracks 
in the quartz of the xenolith, with or without accompanying reverted 
tridymite-platelets or carbonates. Two examples of the oecurren 
tridymite are illustrated by inset figures X and Y in D . • 
former illustrates the more common feature of partial 
quartz in the magma and precipitati on therefrom of tridymite tabulae 

* It should here be noted that the determination of a small portion of another 
dyke (5834) as a completely fused and re-ci ystallised fragme t o 
r^nt (Benson 1944, p. 100) cannot be confirmed. It appeals to be 
peculiar phase of the quartz-bearing feldspathic interstitial material. 
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(< 01 mm.) extending denticularly from the residual quartz into 
the surrounding glass. The other Y shows one of the rounded inac¬ 
tions of magma within a large grain of quartz, the centre of which 
injection is occupied by a remnant of the quartz grain shown in the 
upper half of the figure, the central and lower portion being occupied 
by platelets of reverted tridymite. No examples of sectional twin¬ 
ning of the tridymite were observed, but many of the lath-shaped 
sections had forked ends. (Cf. Knopf, 1938, p. 374.) The general 
appearance of the tridymite-fringed quartz-grains closely resembles 
the figures given by Thomas (1922, PI. 7), Campbell, Day and Sten- 
louse (1932, PI. 53) and Reynolds (1940). Surrounding this 
aggregate is mierospherulitic material, a few grains of au°'ite and 
magnetite and a little residual glass. 

file carbonates, chiefly calcite (and aragonite?) with a little 
limonite-stained siderite, fill small (< 0-3 mm.) vesicles in the glassy 
material m the vemlets and may replace portions of it and also 

o e nncrospherical material, but not the augites ervstallising 
therefrom. " ° 


.... The . ( ( n artz grains of the xenoliths contain rarely needles of 
sulimanite, and gaseous bubbles sometimes arranged in bands parallel 
and near to the intrusive veinlets. 


The effects of assimilative reaction with the xenoliths of quartz- 
schist are more striking. The schistosity is not always marked in the 
sections examined from here (5754-5759) by any regular direction 
ot elongation of the grains in the quartz mosaic, which may vary from 
i d l avera = e diameter in different samples. It is, however, 

sliown (5757) by bands of shearing granulation or by the occurrence 
of ribbon-quartz (5758, in Pig. 3), or by the elongation of the strings 
of introduced minerals. The magma injected into these inclusions 
has penetrated along the planes of weakness forming thin wedges 
extending 10 mm. or more from the embayed outer contact zone. The 
reaction-corona of diopsidic augite prisms (with 2V = 54°-49°) 
is not continuous, but obviously disrupted by wedges of magma pene¬ 
trating- through it into the xenolith. Magma, however, has diffused 
through the corona ancl melted and absorbed varying amounts of 
quartz, producing a brown “ buchite ” glass in which the bases of 
the slightly titamferous augite and ilmenite plates of the corona 
are embedded, and beyond this are idiomorphic prisms (< 10 mm ) 
of colourless augite in which 2 V = 52° with 48° in a narrow mar- 
(ji? a zone in one prism, 42° in another as determined by Dr. Turner. 
With these are tabulae (< 0-5 mm.) of plagioelase (An- j2 . 4 o) often 
more or less skeletal m development with much included glass and 
mierohtic terminal elongations. These may be surrounded bv a very 
fine microspheruiitic growth fading out into the surrounding ring 
of darkened glass. Vesicles occur in this buchite glass, and near 
them the pyroxene forms much smaller and elongated pale green 
prisms, probably indicating the entry of acmite into the pyroxene- 
composition (cf. Lacroix, 1893, p. 19). Indeed, some of the larger 
colourless augite prisms tend to have greenish mantles. The smaller 
prisms may project from the glassy matrix into the vesicles. The 
siliceous nature of this buchitic glass may be inferred from Dr. 
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Fig. 3.—Xenolith of quartz-schist in dolerite (5758), Tawhiroko Point, with 
augite-corona and acidified (transfusion) veinlets. Diagram showing the 
distribution of the different structural features in the above. Vein-quartz 
permeated by semi-crystalline basic veinlets with development of tridy- 
mite, now reverted to quartz, about quartz-xenocrysts in the enclosing 
and invading basic material, and at the margins of the veinlets. X and Y 
details of the development of tridymite. All from near the lower margin 
of the intrusive dolerite sheet at Tawhiroko Point. 
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Hutton’s determination of its refractive index 1-498-1-500 which is 
almost that (1-495) determined by Knopf (1938, p. 374) for a 
colourless glass enveloping the grains of quartz in a xenolith of 
grandiorite enclosed in olivine basalt, or that (1-480-1*497) measured 
by Holmes (1936, p. 415) for glass “ separated from a transfused 
quartzite in murambite 99 (a potassie basaltoid lava), or that 
(“ slightly below 1-50 99 fide Tomkeieff, 1940, p. 57) found for the 
glassy cement between the quartz-grains of a contact-altered sand¬ 
stone, now a “ lithic buchite 99 with sanidine (?), augite and cor- 
dierite crystallised from the glass. This refractive index would be 
consistent with a silica content of 70-72% (cf. George, 1924, Holmes 
loc. cit.) or slightly higher (cf. Tilley, 1922) if, as Harker’s (1932, 
p. 71) comment suggests, the glass contains a little water. The 
xenolith is, however, so extremely siliceous that probably there has 
been some mingling of the basalt magma with the silica-glass pro¬ 
duced. 

Where the basic magma has penetrated the reaction-corona it 
mingles with the buchite and there is no sharp distinction possible 
between the doleritic and buchitic portions, both of which have 
vesicles with borders darkened by dust-like magnetite. (See Fig. 3.) 

From both the semi-vitreous (buchite) zone beyond the corona, 
and from the penetrative magma wedges, a hybrid product may extend 
in long threads (or veinlets) into the structure-planes of weakness 
of the schist. Two examples are illustrated in Fig. 3. The longer 
intrusive wedge extending out from the semi-vitreous zone passes 
from it into trachytoid material with the composition of trachy- 
andesite, containing but little microspherulitic mesostasis. The flow r - 
structure is marked by approximate parallelism of the feldspar laths, 
which are dominantly oligoclase with subordinate sanidine. With 
these are thin prisms (< 0-1-0-4 mm.) of augite much less abundant 
than in the semi-vitreous zone and aggregated near the vesicles where 
they have green margins, and a little ilmenite in sparse large grains 
(< 0-1 mm.) and minute plates, as well as dust-like magnetite also 
aggregated about the vesicles. This trachytoid zone is not seen in 
all intrusive w r edges, for in many of them (e.g., the right hand wedge 
of Fig. 3), the microspherulitic zone may follow directly out from the 
semi-vitreous material. It continues, however, the same differentiation 
trend. While some oligoclase is present, the bulk of the feldspar 
laths, now smaller than at the outer contact (< 0-1-0-3 mm.) seems 
to consist of sanidine. The amount and size (0-05-0*20 mm.) of the 
pyroxene prisms are less than in the tracliytic portion and their 
greenish colouration is more marked. The dust-like iron ore is also 
less abundant, and but traces of glass remain near some of the vesicles. 
Radially branching aggregates of feldspar-fibres occur with centres 
either at the edge of the intrusion or about the larger microlites 
within it, and such microspherulitic material dominates. It show's 
on a minute scale the features seen in spherulites of rhyolites (e.g., 
as described and figured by Iddings, 1909, p. 225-7) rather than 
those formed in thermally altered feldspathic sandstones (e.g., 
Harker, 1932, p. 68, fig. 21B) which, however, seem very similar 
to the “ replacing veinlets of granopliyre 99 (Reynolds, 1938, p. 60, 





Benson & Turner — Basic Igneous Bocks of Eastern Otago . 299 

fig. 4) invading* a quartzite xenolitli in lamprophyre, and are so 
legarded by her. The margin of this thin wedge or veinlet of micro- 
spherulitic material is commonly sharpty inai*ked against the in¬ 
vaded quartz, is bulbous or embayed, but may locally fray out into 
irregular groups of rnierolites at the interstices of the quartz-mosaic 
of the schist. Vesicles, rarely rimmed with dark glass, are present, 
and the crystallisation of the feldspar-microlites must have been from 
solution or hydrous 4 ‘ melt ” replacing, rather than wedging apart 
the more permeable sheared portions of the schist. Rosenbusch (1908, 
pp. 1295—7) describing similar occurrences notes that with increasing- 
distance from the contact-surface the (buehite) glass decreases in 
amount and in its place there occurs a microlitic felt which leads out 
finally into the .normal cement of the invaded sandstones. Analogous 
features were observed (Benson, 1914, pp. 450-1) in a xenolitli of 
quartz schist (569) enclosed in a basalt dyke at Gerringong, New 
boutli Wales, and attention *was called to the decrease in the amount 
of the coloured minerals in the veinlet with increasing distance from 
the contact, and its greater abundance in the centre rather than the 
sides of the veinlet, features also displayed in the Moeraki xenoliths. 
Miss Reynolds (1936, pp. 373—4; 1938, pp. 51—76) remarks similarly 
on the sharpness of the lobate boundary of the veinlets found in 
quartzite xenoliths in liornblendite and also in vosgesite, adding that 
such sharpness is to be expected when replacements result from com¬ 
pound-formation dependent on diffusion though a solid. 

After the crystallisation of the feldspar the composition of the 
magmatic emanations was changed, and in the distal portions of 
the intrusive wedge the feldspar-fibres were in part replaced by 
finely crystallised siderite now forming close packed granules about 
0 05 mm. in diameter, while solutions depositing similar material 
extended into the planes of weakness of the schist and developed 
i eplacement-streaks of irregular width penetrating into the crevices 
in the quartz-fabric and containing residual patches of microspheru- 
litic feldspar. Metasomatic replacement of portions of the glass of 
the semi-vitreous zone also occurred, though the plagioclase and 
pyroxene resisted the solutions and may remain sharply bounded 
against the surrounding carbonates. The vesicles also were lined by 
spliaero-carbonate. Its yellowish coloration resulting from incipient 
oxidation facilitates its distinction from calcite (or aragonite), the 
deposition of which immediately followed and filled the remaining 
spaces of the vesicles and continued the replacement of glass. Some - 
of the colourless carbonate in the vesicles, in which division into radial 
sectors is most strongly marked, may be aragonite rather than calcite, 
but no systematic attempt has been made to distinguish between the 
two forms of Ca C0 3 , though some of the more finely granular colour¬ 
less carbonate replacing glass has a clearly rhombohedral form. 
Several other specimens of quartz-schist from the band of xenoliths 
near the base of the Tawliiroko Sheet show long strings of irregularly 
rounded microspherulitic aggregates with carbonates running gener¬ 
ally along the scliistosity planes and doubtless representing the 
partially replaced distal portions of wedges or laminae of invading 
magma. 
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Fig. 4.—Xenolith (5917) of quartz, feldspar and hypersthene invaded by vario- 
lite with granulation, fusion and devitrification of the feldspars of the 
xenolith. From “ pseudoconglomeratic ” dolerite in the centre of the 
Tawhiroko dolerite sheet. I. Basic variolite. II. Microspherulitic alkaline 
feldspar in devitrified acidified intrusive material and fused feldspar. III. 
Glass. IV. Unaltered plagioclase. V. Clouded plagioclase. VI. Orthoclase 
in part microperthitic (?). VII. Orthoclase dividing marginally nto plate¬ 
lets. VIII. Mosaic-subdivision of Feldspar grains. IX. Quartz. X. 
Micro-pegmatite with turbid (dotted) or altered (fibrous) orthoclase. 
XI. Hypersthene. XII. Carbonates with limonitic bands. 
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C. More Slowly Chilled Xenoliths. 

About the middle of the Tawhiroko intrusive sheet—i.e., about 
«U ±eet above the base, are several patches of dolerite so extremely 
nen m xenoliths as to resemble a conglomerate (see, PI. 21B) and 
some of these display features differing from those described above, 
lwo or those studied have been permeated with vaguely bounded 
injections of magma, which have reacted strongly with the minerals 
ot the xenoliths. They, however, are peculiar in their abundant con¬ 
tent of coarsely granular andesine, in which they resemble the prob- 
• i S1 ^ xl T rly derived coarsely granular quartz-andesine rock (5837) 
ot the Te Karipi dyke described above (p. 293), but contain in addi¬ 
tion coarsely crystalline orthoclase, and hypersthene. It is difficult 
to determine from the small amount of material available for examina¬ 
tion what were the 'conditions of origin of these xenoliths. Tenta¬ 
tively it is suggested that two phases of reaction may have been 
concerned, a deep-seated stage when coarsely schistose vein-quartz 
reacted with the parent magma of the Tawhiroko sheet under plutonic 
conditions, and a subsequent stage when reactions occurred under 
differing environments as the enveloping dolerite magma was carry¬ 
ing the xenoliths up into and cooling within that sheet. The more 
coarsely granular specimen (5917) is illustrated by Pig. 4, the less 
coarsely (5919) is generally similar but differs in minor details. The 
most abundant minerals are quartz and andesine varying a little 
m relative amount from place to place. The quartz forms roughly 
lenticular or nearly equi-dimensional grains, with a general 
parallelism of elongation, and reaching a maximum length of about 
8 mm. The grains show embayed or rounded outlines, in part re¬ 
sulting from magma-corrosion, and there is little trace of optical 
strain. The largest plagioclase crystal is about 10 x 8 mm., but the 
majority are considerably smaller. The larger grains rarely §how well 
marked twinning and may indeed be untwinned. Commonly, as a 
result apparently of subsequent thermal metamorphism, they are 
more or less broken up into a mosaic of rounded or prismoid grains 
a millimetre or less in diameter (cf. Harker, 1932, p. 109), and these 
may show strain-produced twinning sufficiently clearly marked to 
permit determination of the composition of the feldspar. Dr. Turner 
has found by universal stage methods the composition of three un¬ 
zoned grains is An S8i 40j 44 agreeing with the determination ( At> 1 2 ) 
of the large grain in the Te Karipi dyke. Orthoclase (possibly micro- 
perthitic) is smaller in amount, less abundant than plagioclase, and 
makes rather smaller and more irregularly-shaped grains, and is 
difficult to determine save by its refractive index, because of the 
alterations that have taken place. A little micropegmatitic quartz 
occurs in the orthoclase adjacent to the large quartz-grains of the 
xenolith. Hypersthene forms a few crystals only, roughly equidimen- 
sional the original maximum diameter being up to 3* mm. The 
pleochroism is of moderate intensity, with little indication of zoning, 
but according to Dr. Turner’s measurements of optic axial angles 
the composition is about Fs 2 o- 4 o* The various changes in mineral- 
composition, and in the nature of the permeating hybridised veinlets 
will be described below. 
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Assuming that the xenolith before its removal from the magma 
reservoir was of the above described nature, the problem of its origin 
is difficult. Three hypotheses, none of them without objection, suggest 
themselves. Normative mineral-compositions of (A) a hypersthene 
ortho-gneiss at Penig in the granulites of the Erzgebirge (Rosen- 
busch-Osann, 1923, p. 677), (B) quartz-charnockite (“Hypersthene 
adamellite ”) from Ellesmere Land, and (C) quartz-charnockite 
(“ Hypersthene granite ”) from Norway, the last two analyses being 
cited by Washington (1916, p. 325), here tabulated are comparable 


Rock 

Quartz 

Plagioclase 

Orthoclase Hypersthene 

Iron Ore 

A 

34% 

36% An. w 

21% 

0% 

3% 

B 

34% 

30% An 40 

29% 

5% 

C 

26% 

46% Ajflga 

24% 

2% 

2% 


with the composition of our xenoliths, .though there the grain-size 
is apparently rather smaller than that of the xenoliths, and there is 
common^ a little modal diopside and biotite in them. In contrast 
with the earlier conception of the purely igneous origin of such 
“ charnockitic ” rocks, Ghosh (1941) summarises the alternative 
views that have been advanced concerning them as:—(a) complete 
recrystallisation of plutonic rocks under deep-seated conditions 
(Stillwell, Groves, Harker), (b) extreme metamorphism of volcanic 
rocks (Vredenburg), (c) assimilation of aluminous sediments by 
basic magma and subsequent differentiation (Evans), and (d) deep- 
seated metamorphism of impure sediments containing silica, lime, 
iron and magnesia, with gradual influx of alkalies from granitic 
magma (Ghosh). Though Thomson (1906) recognised fragments 
of quartz-mica-schists, “ granulite ” (nature undefined), and garnet 
gneiss as well as ultrabasic plutonic rocks and xenocrysts derived 
therefrom, among the inclusions in the basic tuffs coeval with the 
Moeraki sills and occurring 14 miles north-east thereof, nothing 
comparable with charnockites or granulites have been found in 
xenoliths in other igneous rocks in Otago, nor is there other indica¬ 
tion of the presence of such deeply metamorphosed material beneath 
Southern New Zealand. 

Alternatively diffusion (“ transfusion ”) of alkalies with some 
calcium, aluminium, iron and magnesium from basic and ultrabasic 
magmas into quartzose xenoliths, # with the production of alkali- 
feldspars therein replacing the quartz as described by Holmes (1936), 
Reynolds (1936), and perhaps suggested by the veinlets of fine¬ 
grained feldspar in xenoliths already described (see e.g., Fig. 3), 
or the more coarsely crystallised granophyric material formed about 
siliceous xenoliths in dolerite or gabbroid sills and laccoliths described 
by Fenner (1926), Jones (1930), Mountain (1936), Walker and 
Poldervaart (1942) and others, might be thought to indicate that 

* Holmes (1936) shows that the relative amounts of elements transfused from 
murambite (potassic basaltoid) lava into siliceous glass formed from 
quartzitic xenoliths are in decreasing order or abundance, Al.K. and much 
less abundant ISTa, Fe, Ca, and Mg, with less regulaiity concerning the 
diffusibility of Ti. Walker and Poldervaart (1942, p. 300) arguing from 
less adequate evidence give the decreasing sequence K, Fe, Mg, A1 for the 
case and Ca, Fe, Mg for the others. 
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undei deep-seated conditions it would be possible for coarse-grained 
feldspar to be formed replacing quartz in this fashion, an hypothesis 
put forward with some hesitation. Such new-formed feldspars are 
sometimes accompanied by new-formed femic minerals, but. those 
mentioned in the available literature are biotite, hornblende and 
elinopyroxene, and there is no mention of hypersthene as the sole 
femic mineral so formed. Moreover, if it were so formed, the con¬ 
clusion of • several of the above-mentioned authors that iron is in 
general more readily diffused than magnesium, would suggest, that 
if hypersthene were so formed it is likely to be more ferriferous than 
that m our xenoliths. 

.Again it is perhaps noteworthy that each of the hypersthene 
grains in our rocks lies surrounded in the more or less variolitic 
consolidation-product of partially hybridised basic magma that has 
permeated m many veinlets through the xenolith, which material now 
contains small, thin, prisms of hypersthene. If such material repre¬ 
sents consolidation of magma filling crevices in the xenoliths which 
were open while they lay in the deep-seated magma-basin, it is perhaps 
conceivable that the coarsely granular hypersthene may have been 
formed by the direct reaction between the xenolith and the under¬ 
saturated adjacent magma. The hypersthene in a veinlet of acidified 
basaltic material in a quartz xenolith (5919) from the same mass of 
pseudoconglomerate ” has a composition Ps 2e , practically that of 
the hypersthene in these coarse-grained quartz-feldspar-hypersthene 
xenoliths, and showing the same proportion between En and Ps 63:27 
as exists in the average dolerite magma of North-Eastern Otago. 
(Benson, 1944, p. 106.) Moreover, though in some veinlets of acidi¬ 
fied basaltic material in quartzose rocks (e.g., 5919), the hypersthene 
is associated with subordinate augite, no elinopyroxene could be 
detected in the acidified veinlets that have been injected into the 
schistosity planes of the xenolith illustrated in PI. 21A (5931-5). It 
seems possible, therefore, to extend the analogy of the effects of 
acidification of thin veinlets and laminae of basaltic material injected 
into quartzose xenoliths at high levels in the crust to account for 
the development of eoarse-grained hypersthene (and feldspars?) 
m xenoliths at depth under plutonic conditions. It is noticeable that 
the hypersthene grains have been attacked and dissolved by magma 
presumably under relatively low pressure, and the pyroxene crystal¬ 
lising therefrom in the variolite is dominantly augite though 
associated with hypersthene. While some combination of the two 
latter hypotheses seems to be a less improbable method of origin of 
these quartz-feldspar-hypersthene xenoliths than their derivation 
from charnockitic masses in a region of intense deep-seated dynamic 
metamorphism, no final conclusion can be reached at present. 

Assuming tentatively - that the xenoliths originated through 
modification in some such manner in the deep-seated reservoir of 
basic magma, further changes by reaction with the permeating magma 
may be considered to have occurred at much smaller depth. This 
magma invaded the intergranular crevices, and its products now 
show various stages of hybridisation. Between the corroded quartz 
and feldspar grains the injected material in veinlets widened by 
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solution of these minerals is usually a pale buff colour, and is largely 
devitrified so that under polarised light, what in ordinary light 
seemed fflassv proves to contain a tangled association of skeletal or 
SSSJS crystallites of alkaline feldspar * Often cores of the 
corroded feldspar crystals remain, from the margins of which parallel 
or radiating microlites of feldspar grow out into the glass These 
features are indicated by the fine-line microspherulitic pattern in 
Pig. 4, but traced away from these areas of replaced (chiefly alkaline) 
feldspar towards the variolitic injections, perfect transition from the 
leucocratic material just described to the typical variolite darkened 
with abundant finally-divided iron ore may be observed. Locally, as 
shown particularly in the inset in Fig. 4, the mass of devitrified feld- 
spathic material contains abundant small graphic patches of 2 

suggesting (but not proving) that alteration of micropegmatite has 
here occurred. An alternative and perhaps more probable explanation 
is that the mierographic (micropegmatie) intergrowth of quartz and 
feldspar was not original, but has resulted from recrystallisation. 
(cf Harker, 1932, p. 69.) Here and there the large grains of ortho- 
clase show ’marginally a separation into minute cleavage-bounded 
platelets fraying out into the devitrified material, and may be com¬ 
pared with Guppy and Hawkes’ (1925, PI. 20, fig. 4) illustration of 
the “ finger-print ” structure of a xenocryst of soda-orthoclase m 
dolerite. The central portions of the orthoclase grains are usually 
characterised by a rippled “ moiree ” microperthitic (?) appearance, 
and irregular distribution of turbid kaolinised areas. A further 
change is the breaking down of the originally large orthoclase grains 
into a mosaic of smaller rounded or prismoid grains of varying 
optical orientation. These features are illustrated m the upper leit- 
hand corner of Fig. 4 and in the inset thereto. 

The change of the plagioclase grains is also varied, and is illus¬ 
trated well by the large grain in the lower left-hand corner of tills 
figure Much of the central portion of this grain is unaffected, lhe 
first indication of change is the development of a “ peculiar cloudi¬ 
ness due to the development of a multitude of very minute opaque 
inclusions ” (cf. MacGregor, 1931) which, near the margin of the 
grain, are seen to increase in size and to be films of basic magma 
which has entered into and opened out the cleavages parallel to (001) 
and (010) dividing the grain into platelets as in the andesme xeno- 
crysts in the Te Karipi dyke (Fig. 1A), and, as in the latter case, 
there has crystallised about the original crystal a narrow band of new- 
formed clear feldspar from which microlitic tabulae extend out into 
the adjacent variolitic rock. A further change affecting much of the 
andesine grain, particularly well seen around the jet of basic magma 
in its centre, and about its margins, is the replacement of the origin¬ 
ally continuous material of the grain by a mosaic of irregularly 
sutured or prismoid grains separated from one another or rendered 
cribriform by the injection of thin films or jets of basic magma. 

* Compare with this Havker’s (1004, p. 240) slightly paraphrased comment. 
“In a specimen sliced the lelations of vitrified grit and dolente are com¬ 
plicated, the actual junction being of highly irregular form. The matrix 
enclosing the relics of quartz grains is here pale brown and tiirhul, and 
is found to depolarise, being apparently in great part feldspathie. 
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Residual portions of such smaller grains, where surrounded by devitri¬ 
fled melt, have generally a fringe of microlites extending out from 
them either in parallel or radiating bundles into the glassy material. 

The hypersthene grains have also been attacked by tlie injected 
melt, and show corroded or embayed outlines, and small grains among 
the devitrification products of this melt remain in optical parallelism 
with the larger adjacent grains with which they were formerly 
continuous. 

The material of the injected veinlets may be in large part 
tholeiitic (5919) containing tabulae and laths of labradorite An co , 
here and there grouped in a skeletal arrangement of hook-like crystal¬ 
lites in optical parallelism with the adjacent tabulae, set in a glassy 
matrix darkened by dust-like particles of iron ores, and containing 
granular augite and often arcuately bent thin prisms of strongly 
pleochroic hypersthene with skeletal branches or extensions studded 
with small (0 01-0-02 mm.) octahedra of magnetite, and occasionally 
large (< 0-4 mm.) tabulae of ilmenite with attached small skeletal 
plates. In the thinner portions and ends of such injections of basic 
magma, an approach to a variolitic structure is produced. The 
latter* is markedly displayed in the veinlets in 5917 (Fig. 4) by 
the sheaf-like arrangement of the laths of plagioclase, among 
which are earlier formed unoriented idiomorphic prisms of pale 
hypersthene (< 0*15 x 0-03 mm.) and rarely of augite with minute 
fibres of feldspar growing perpendicularly to the surface of the 
pyroxene grains. Scanty dendritically-branching plates of ilmenite 
and abundant platelets, dust-like particles and trichites of iron ores 
occur in the pale brown glass of the matrix, which fades outwards 
into colourless aggregates of radiating and sheaf-like aggregates of 
fibres of alkaline feldspar among residual corroded grains of clear, 
cribriform or clouded grains of feldspar and of quartz, and extends 
into thin, now partly microspherulitic veinlets traversing inter¬ 
granular crevices, and in such pale devitrified material there is very 
little iron ore. The features suggest that the injected veinlets of 
basic magma have become greatly acidified by solution of the material 
of the xenolith as they worked their way into the intergranular 
crevices. It is not always possible to distinguish a boundary between 
the acidified injected material and the devitrification product of the 
fused feldspar of the xenolith, though the difficulty of representation 
of such delicate structures in a line-block lias rather emphasised this 
approach to complete transition in Fig. 4. 

Expulsion of carbonate solutions at a late stage from the invad¬ 
ing magma already noted earlier in this paper is here expressed by 
the development of faintly pleochroic siderite and more calcite (and 
aragonite ?) replacing irregularly bounded portions of the variolite, 
of the thin intergranular veinlets of acidified magma, and of the 
minerals of the xenolith, whether unaltered or (in the case of feld¬ 
spar) fused and devitrified. 

* Reference may here be made to the variolitic andesitic mateiial developed 
from the acidified portions of the basic magma forming the Mourne dyke- 
swarms (Tomkeieff and Marshall, 1935) and that developed in acidified 
basaltic veinlets invading crush-bands in the Torridonian feldspathic sand¬ 
stone of Rum (Harker, 1908, p. 65). 
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Fig. 5.—Parallel imperslstent laminae of slightly acidified basic material in a 
xenolith of quartz-schist (5930) in “ pseudoconglomeratie 99 dolerite in 
the centre of the Tawliiroko dolerite sheet. 

Other xenoliths from the “ pseudoconglomeratie ” masses of 
dolerite in the centre of the Tawhiroko sheet give so strong a sug¬ 
gestion of the injection of magma into the planes of schistosity and 
the possibility that the basic material may incorporate albite- 
muscovite-chlorite-epidote laminae in the schist, that they have been 
subjected to petrofabric analysis by Dr. F. J. Turner with results 
that have been incorporated in a separate note appended hereto. The 
small, sharp, “ folded 97 bands of basic material (5915) illustrated 
with small and large magnification in Fig. 1 C and D indicate that 
such appearance of dependence on original folding of now invaded 
schistositv-planes may be illusory. Though there may have been 
some slight influence on the course of the injection-laminae by the 
directions of the intergranular boundaries of the quartz-grains of 
the xenoliths, these are in general unrelated to the position of the 
“ folded ’’-laminae. The optic orientation of the quartz-grains is 
uniform throughout the slide, and is that of vein-quartz rather than 
of a schist fabric. In 5930 (Fig. 5) the parallelism of the directions 
of elongation and of the optical orientation of the quartz grains and 
approximation thereto of the trend of the injected laminae of basic 
material are more strongly marked, and the same is true of a more 
coarsely granular rock (5916). There are, however, no features in 
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the character of the basic material suggesting that it is the devitrifi¬ 
cation product of fused chloritic laminae in schist, rather than that 
of a somewhat acidified basic magma. The rock of (5930) was almost 
wholly quartz-schist, though containing a few grains of feldspar. 
The basic injections formed short lenticular masses of irregular 
dimension varying in width up to 10 mm. but usually less, extend¬ 
ing for 8 mm. or more with irregular off-settings from one parallel 
line to another, or breaking up into strings of oval or lortieular 
masses a fraction of a millimetre in length. There is no sign of a 
corona about their pyroxenes. The broader portions are holoerystal- 
line with a pilotaxitic structure, composed chiefly of laths (< 0*4 x 
0 04 mm.) of labradorite and prisms of about the same size of hypers- 
thene and subordinate granular augite, platey ilmenite and much 
interstitial micropegmatite, in which the sanidine may extend with 
optical continuity over about 2 mm. The hypersthene may form 
granules locally moulded on the plagioclase, or thin (0*8 x 0 05 mm.) 
prisms commonly arranged in radiating groups especially in the 
pilotaxitic portions. Locally the basic injections may swell about a 
vesicle and here commonly contain dust-darkened glass, and needles 
of apatite may project from the basic material into the carbonate¬ 
filling of the vesicle. In such glassy material parallel microlites of 
sanidine may be grouped into rectangular patches or stand perpen¬ 
dicularly to the plagioclase tabular microlites, or sanidine fibres may 
radiate from the plagioclase microlites, or from the corroded margins 
of andesine grains which may have been derived from the quartz- 
schist. In very small ovoid patches of basic intrusive material the 
mierospherulitie habit of the feldspar is rather marked and the 
small elongated prisms of hypersthene are often arcuate. Spliaero- 
siderite and calcite fill abundant vesicles which may extend across 
the whole width of an intrusive band, or like the basic material itself 
may occur in veinlets running irregularly across the general schist¬ 
ose-plane. In (5916)—cf. Fig. 4—though the general features are 
similar to the above, the grainsize of the intrusive material is larger, 
and there is a more striking development of rectangular patches of 
micropegmatite, and of the intimate branching of the microlites of 
sanidine between the plagioclase tabulae. The hypersthene is almost 
colourless with 2V = 74° (-) indicating the composition is Fs 2 g. 
In (5915), as noted above, the distinctive feature is the fold-like 
curvature of the parallel, but irregular layers of intrusive material, 
the greater abundance of rather titaniferous augite relatively to the 
hypersthene, the optical parallelism shown by groups of grains of 
hypersthene, and the frequently marked development of micropeg¬ 
matite between the plagioclase tabulae. 

The last rock to be described is that illustrated in PI. 21A, fig. A, 
a block of schist from the richly xenolithic “ pseudoconglomerate ” 
from the centre of the tidal platform at Tawhiroko Point. The en¬ 
closing dolerite (5896) which is sub-ophitic and holoerystalfine, 
becomes a little finer in grain-size adjacent to the xenoliths from 
which it is separated by a thin augite corona, through which rare, 
thin jets of basalt extend across the schistosity of the xenolitb, and 
send thin sheets of magma into the laminae of the schist. The 
schistosity of the xenolith is very strongly marked, as shown in the 
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Plate, which is marked with the conventional orientation, a per¬ 
pendicular and b parallel to the lineation, in the plane of schistosity, 
and c perpendicular thereto. Oriented sections in the ac plane 
(5931-5) have been cut from these rocks, also (5935) from the quartz 
vein which cuts obliquely across the schistosity, and these have been 
subjected to petrofabric analysis by Dr. Turner. The marked pencil- 
structure shown on the transverse ac plane suggests that the rock 
originally contained, like other Otago schists, thin laminae of platey 
minerals such as chlorite and muscovite with albite which may have 
permitted the invading magma to swell out into the anastomosing 
laminae of very irregular width there displayed, but there is no¬ 
thing abnormal (save the absence of clinopyroxene) in the com¬ 
position of the basic material to indicate assimilation of notable 
amounts of such material though doubtless some assimilation occurred. 
On the be plane the parallel laminae of injected material have a 
fairly even width. The schist of the xenolith consists almost entirely 
of quartz, usually in roughly equidimensional (< 0-2-0*5 mm.) 
sutured grains on the ab plane of schistosity, with an elongation 
about twice their breadth in the planes perpendicular thereto. There 
is, however, no regular orientation of the crystals formed in the 
material injected into the schist long after its deformation, not even 
the traehytic structure exhibited by the replacement veinlet illus¬ 
trated in Pig. 2. The intrusive material was acidified by assimilation 
from the quartz, and the material consolidated therefrom is com¬ 
parable to some extent with the microspherulitie portions of the 
veinlets in that figure. The grain-size varies with the width of the 
veinlets, which seldom exceed 3 mm. Tabulae and laths of zoned 
basic andesine (< 10 x 0*2 mm.) often with skeletal extensions, 
are associated with tabulae (< 0-5 x 0-2 mm.) of anorthoclase. The 
plagioelase tabulae lie often haphazardly across the intrusive laminae 
set in a matrix of more or less radiating, rectilinearly branching or 
linear-parallel micrographie material, the last sometimes extending 
for about 1 mm. in optical continuity, growing perpendicularly from 
a central tablet of sanidine or anorthoclase, which has an extinction 
angle of 10°—15°. The intergrown material is so fine that its deter¬ 
mination as feldspar and quartz, rather than perthically intergrown 
plagioelase is not quite certain. Near the margin of the laminae the 
micrographie material may merge into finely microspherulitie material 
containing very very small (0*02 x 0-01 mm.) prisms of hypersthene, 
and such material may pass for a fraction of a millimetre outward 
from the lamina into the intergranular crevices of the quartz schist. 
Scattered through the feldspathic material of the centre of the 
laminae are rather abundant prisms of hypersthene ranging in size 
from 0*5 x 0 2 mm. down to a tenth of these dimensions, also rare 
grains (< 0-2 mm.) and platelets of ilmenite and sparse octrahedra 
(< 01 mm.) of magnetite. There is a little pale brown or darkened 
glass. The development of sphaerosiderite and ealeite in elongated 
vesicles in the laminae, or in transverse veinlets is as in other rocks 
described above. The unusual features in the basic material in this 
xenolith are the absence of any recognisable clinopyroxene, and the 
occurrence of small patches of chalcedony apparently replacing por¬ 
tions of the laminae. 
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Discussion. 

The features in the more quickly chilled xenoliths described in 
sections (a) and (b) above are characterised by the development of 
augite coronas, the fusion and mingling of the material of the siliceous 
xenoliths forming the “ buehite ” glass from which crystallised 
diopside pyroxene with occasionally slightly sodic marginal zones, 
tabulae of zoned andesine and vesicles, following closely the features 
described by Lacroix (1893, pp. 18-48) and Rosenbuscli (1908, pp. 
1295-8), Avho drew attention, as did Harker (1904, p. 352; 1908, p. 
65), to the development of radial microlitic fibres of alkaline feldspar 
extending from the contact development further into the xenolith. 
Lacroix {op. cit .), Rinne (1895), and more recently Knopf (1938, p. 
375), have noted the development of forked microlites of hypersthene 
in “ buehitic ” glass, in which also tridymite might be formed where 
quartz grains have been corroded. Bowen (1922, p. 560) holds that 
the solution of quartz in a saturated basaltic magma would result in 
the precipitation of those minerals with which the magma is satur¬ 
ated, notably augite and calcic plagioclase, and the advancement of 
crystallisation of the quartz-dolerite, trachyandesite-granophyre 
sequence, and so explains the development, of the augite coronas about 
the xenoliths, but as a temporary stage only except in so far as it 
may be preserved by the exhaustion of the magma. Nevertheless it 
is still present about the more slowly cooled schist xenolith in the 
centre of the Tawhiroko sill, and about quartzose xenoliths (5897) 
at Tetea Pokaka in the centre of the main Moeraki sheet. Perhaps 
the more prolonged reaction and slower cooling along the margins 
of the intrusive laminae in the schist-xenoliths from the centre of the 
Tawhiroko sheet may account for the absence of coronas to such 
laminae. 

The view that the development of alkaline feldspars in veinlets 
in such xenoliths as are illustrated in Pig. 3 may result from advance¬ 
ment of magmatic differentiation through assimilation of quartz 
seems to be challenged by the statements of Miss Reynolds (1936, 
1938) and others that these feldspars may not be directly crystal¬ 
lised from injected magma, but replacements of the xenoliths through 
the fixation of material diffusing possibly in ionic form from the 
magma into the xenolith. Miss Reynolds held that such metasomatising 
matter may consist (a) of feldspar-forming material only, or (b) 
feldspar-forming material with material forming cafemic minerals, 
which latter owing to its smaller power of diffusion has nowhere 
extended into xenoliths beyond the limit of feldspathisation. In 
favourable conditions such feldspar-forming material has developed 
fairly coarsely granophyric intergrowths replacing siliceous xenoliths. 
It has been tentatively suggested above that in the very slow re¬ 
actions occurring in the parent reservoir of the Moeraki basic magma, 
material might have been introduced sufficiently slowly and in 
sufficient amount to develop the coarsely crystalline andesine and 
orthoclase, and (more doubtfully) hypersthene in two peculiar 
siliceous xenoliths (5917-5919), as a possible alternative to direct 
reaction between magma and xenoliths. Harker’s (1908, p. 66) view 
that even in the absence of immediately adjacent magma “ solfataric 
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emanations ” from an underlying magma rising through the crush- 
zones of otherwise unmetamorphosed sandstones have locally pro^ 
duced some feldspathisation thereof seem to be in partial accord 
with Miss Reynold ’s views. This perhaps is the mode of introduction 
of the narrow veinlets of microlitic feldspar into the schistosity 
planes of the schist of our Fig. 3. Certain it is that such feldspar¬ 
forming material was followed and to some extent attacked by 
deuteric solutions containing cai*bonates of iron and, rather later, of 
lime, replacing the microlitic feldspar by siderite and cal cite or 
aragonite, and leaving vesicle-like bodies filled with these carbonates. 
Further, it is only in connection with, the quickly chilled xenoliths, 
where there is no sign of the presence of the introduced alkaline feld¬ 
spars, that there is any indication of the former presence of tridymite, 
possibly for the reason (Harker, 1932, p. 68) that “ with sufficiently 
gradual cooling the presence of a solvent will permit a rearrange¬ 
ment in which the (tridymite) structure is lost.” In our rocks 
evidence of the former presence of tridymite in xenoliths can be 
seen only in those in dykes or the quickly chilled margins of sills, 
though there is little reason for doubting that all the xenoliths have 
been heated to magmatic temperatures at which tridymite might form 
from quartz under dry melt conditions (approximately 870° C., 
Bowen, 1940), though possibly at lower temperatures in rather 
hydrous melts, such as that forming' the Tawhiroko sheet, for Leit- 
meier (1914, p. 196) cites the artificial formation of tridymite 
accompanied by chalcedony and a little quartz from w r ater and glass 
heated to 360° C. only. 

Finally we may note that the thinness of the injected laminae 
and irregular veinlets that have permeated the structural planes and 
fissure quite unrelated thereto in the schistose xenolith, and also the 
intergranular crevices in vein-quartz, give evidence of the very con¬ 
siderable mobility of the basic magma which enveloped the xenoliths 
at the time and place of such minor intrusions, a contrast with 
Jagger’s (1920, 1936, p. 168) and Shepherd’s (1925) conception 
of, the relative immobility of uncrystallised hypomagma—i.e., primi¬ 
tive magma containing dissolved gases not yet set. free from solution 
to take part in exothermic reactions, but it cannot be assumed that 
the intrusive magma was hypomagma, since the characteristics of- 
pyromagma may develop in magma while rising from the depths, 
though still a considerable distance below the earth’s surface. “ Re¬ 
actions in an ascending magma may at times be highly exothermic ” 
(Fenner, 1926, p. 740). 

Here notice may be called to analogous evidence of mobility 
of partly crystallised pyromagma afforded by a specimen (5936) of 
porous sandstone which has been flooded over (or invaded ?) by the 
basalt of Milburn Hill (Benson, 1942, p. 105) which was obtained 
by Mr. R. W. Willett from the western slopes of the hill. Here the 
intergranular crevices are filled with partly crystalline basalt con¬ 
taining olivine which has cooled in situ too quickly to show notable 
effects of reaction with the surrounding quartz. 

The writer’s cordial thanks are due to Dr. S. N. Slater for 
determination of the soluble silica in buehite; to Dr. C. O. Hutton 
for various determinations of refractive indices, and to Dr. F. J. 
Turner for determinations of feldspar and pyroxene recorded above, 
and for the interesting Appendix I given below. 
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APPENDIX I. 

Petrofabrio Analysis of Three Xenoliths in Moeraki Dolerite. 

By F. J. Turner. 

1 . Quartz Schist. 

One of the largest of the xenoliths of quartz schist, measuring 
about 5x6x8 centimetres, was chosen for petrofabric analysis. Its 
forms and megascopic characters are illustrated by PI. 21A. A con¬ 
spicuous plane of lamination, marked by alternating laminae and 
pencils of white quartz and dark grey streaks of injected acidified 
basaltic material, was selected tentatively as the ab plane of the 
fabric, while a single prominent direction of lineation within this 
plane was provisionally identified as the b fabric axis. The lineation 
is due mainly to a strong tendency for the quartzose laminae to be 
less continuous parallel to the a than to the b direction, a condition 
which alternatively may have been inherited from the fabric of the 
original schist, or, on the other hand, may have originated during 
the injection of the basaltic material which now separates the indi¬ 
vidual layers of quartz. An irregular vein of iron-stained quartz 
about 1 cm. in thickness cuts across the specimen, and is not pene¬ 
trated by the basalt which has so thoroughly permeated the rest of 
the xenolith. 

Microscopically the quartzose laminae are seen to be composed 
entirely of interlocking irregular grains of quartz, about 01 mm. 
in average diameter, with a distinct tendency to elongation in the 
ab plane of the fabric. Albite, muscovite, chlorite and epidote— 
minerals almost invariably present in Otago schists—are completely 
lacking. The quartz of the transgressive vein is distinctly coarser 
(0 1-0-5 mm.), and likewise shows a tendency for elongation of 
grains parallel to ab. 



Fig. G.—Orientation-pattern of optic axes of 250 grains of quartz in scliist 
xenolith (Section 5931, 5932). Contours 3%, 2%, 1%, 0.4% per 1 % 
area. Maximum concentration, 4%. 

Fig. 7.—Orientation-pattern of optic axes of 150 grains of quartz in vein cutting 
transversely across the lamination of schist xenolith (Section 5932). Con¬ 
tours 3%, 5%, 2% 0.7% per 1% area. Maximum concentration, 5%. 

Fig. 6 is an orientation diagram based on measurements of the 
'direction of the optic axes of 250 grains of quartz in three widely 
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separated laminae, two in section (5931) and one in section (5932). 
The three corresponding partial diagrams which have been com¬ 
bined into the collective diagram, Fig. 6, are closely similar in pattern, 
though not identical as regards location of maxima. In fact they 
show just the slight degree of heterogeneity usually found in the 
quartz fabric of Otago schists. The pattern of Fig. 6 is that of a 
typical B tectonite, with a strongly defined minimum at b, and is 
generally similar to patterns previously recorded for quartz in the 
schists of Eastern Otago (Turner, 1940). The same pattern differing 
only in minor detail appears in Fig. 7, which illustrates the orienta¬ 
tions of optic axes in 150 grains of quartz measured in the trans- 
verse vein in section (5932). 

It is concluded, therefore, on petrofabric grounds, that although 
the basaltic magma penetrated freely between the quartzose laminae 
of the original schists (incorporating into itself, in addition to quartz, 
any albite, muscovite, chlorite, etc. that may originally have been 
present in the xenolitli), the essential megascopic and microscopic 
characters of the B tectonite fabric of the schist have been preserved 
unmodified. The fabric conforms in pattern to that typical of the 
quartz-albite-muscovite schists of ‘Eastern Otago. The late stage at 
which the pattern of the preferred orientation characteristically de¬ 
veloped during rock-deformation is once again illustrated by the 
close correspondence between the quartz-fabric of the laminated schist 
and that of the transgressive vein which must have originated later 
than the laminated structure of the host-rock. 

2. Coarse-grained Non-schistose Quartz-rocks. 

Xenoliths of grey-white quartz-rock without obvious sehistosity 
are plentifully represented among the inclusions in the Moeraki 
dolerite. Two specimens (5930) and (5915) were sectioned for fabric 
analysis. 

In (5915) the hand-specimen shows what appears to be a folded 
structure, the microscopic detail of which is indicated on Fig. 1, 
C and D and, somewhat diagramatieally, in the inset circle of Fig. 
8, which is 10 mm. in diameter. These figures show that the “ fold ” 
pattern is determined solely by sub-parallel veinlets of basaltic 
material which cut indiscriminately across the larger grains of quartz 
and seem to be little if at all related to the fabric of the xenolitli 
itself. The latter consists entirely of coarse, sometimes slightly 
undulose, interlocking grains of quartz 0-3—5 mm. in diameter, with 
a local tendency to elongation within 15° of a mean direction shown 
by the broken line LL in Fig. 8. The orientations of the optic axes 
of 50 grains were measured (in a microsection cut perpendicularly 
to the “ fold ” axis) for each of the three sectors of the “ fold ”— 
namely, for the two limbs and the intervening arch along the “ fold ” 
axis. The three corresponding partial orientation-diagrams were 
found to be identical and have, therefore, been combined in the single 
collective diagram, Fig. 8. As would be expected from the identical 
character of the partial diagrams, Fig. 8 is completely unrelated to 
the “ fold ” pattern, and the latter is thereby shown to be a secondary 
feature accidentally developed during the penetration of the magma 
into the xenolitli, and having therefore no teetonie significance. The 
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degree of preferred orientation of the quartz-lattice depicted in 
Fig. 8 is very high, considerably higher than in any Eastern Otago 
schist which the writer has yet investigated. The pattern is that 
familiar in B ± B' tectonics, with two girdles (broken arcs in Fig. 8) 
intersecting at about 80°. Such fabrics are common in granulites 
and certain highly deformed quartzites in many parts of the world. 
The maximum at the point of intersection of the girdles is a character 
commonly recorded in fabrics of this type, in conformity with which 
the intersection is tentatively identified as the pole of the a fabric 
axis. The presence of two sub-maxima at points about 90° apart on 
the J)(‘ circle (dotted arc in Fig. 8) is also characteristic of many 
B ± B' tectonics (cf. for example Sahama, 1936, p. 32, D 26, p. 58, 



Fig. 8.—Orientation-puttei u of optic axes of 150 grains of quartz in a quartz- 
rock (deformed quartz vein?), xenolitli (Section 5915). Contouit- 12%, 
8%, 4%, 2%, 0.7% per 1% area. Maximum eoncentiation, 18%. Tlie 
line LL ih the mean direction of elongation of tlie quartz grains. The 
“fold” pattern of the injected basaltic material is sketched in inset 
circle 10 mm. in diameter and moie precisely in Fig. 1, C and D. 

Fig 9.—Orientation-pattern of optic axes of 50 grains of quartz in quartz-rock 
(deformed quartz vein?) xenolitli (Section 5930). Contours 20%, 12%, 
8%, 2% per 1% aiea. Maximum eoncenti ation. 35%. The line LL is 
the mean diiection of elongation of the quartz grains. The microstructure 
of this xenolitli is shown in Fig. 5. 

The second xenolith was selected as typical of a group in which 
the microscopic streaks of basaltic magma have been injected along 
regular sub-parallel plane surfaces, which as in (5915) cut irregularly 
across the larger grains of quartz, which are up to 4 mm. long, and 
in many cases are somewhat elongated more or less parallel to the 
trend of the invading streaks of basalt (LL in Fig. 9). Fig. 5 illus¬ 
trates the microscopic structure of this xenolith, Fig. 9 the orienta¬ 
tions of the optic axes in 50 grains of quartz therein. The small 
number of measurement results from the wide spacing of the measur¬ 
ing traverses necessary to avoid including more than one sub¬ 
individual in any one of what may be superindividual grains of 
quartz. The pattern of Fig. 9 is almost identical with that of Fig. 8, 
from which it differs in the incomplete development of girdles and 
the very high concentration of quartz axes at the principal maximum. 

There can be little doubt that the two xenoliths (5930 and 5915) 
have been derived from the same parent rock—a rock in which a 
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well-known type of orientation pattern, attributable to strong de¬ 
formation, has been stamped on the quartz fabric. This type of fabric 
has not yet been encountered in the schists of Eastern Otago, but a 
somewhat poorly developed example has been recorded from a narrow 
vein of quartz cutting semi-schist a few miles west of Milton—i.e., 
about 30 miles south-west of Dunedin. (Turner, 1942, p. 321; Figs! 
26 and 27.) The Moeraki xenoliths may well have been derived 
from deformed quartz veins cutting the schists of the concealed base¬ 
ment. Rather similar fabrics with a strong maximum at a are also 
known in highly quartzose members of the metamorphie series of 
Lake Manapouri, South-west Otago. 


APPENDIX II. 

Supplementary Notes on Various Topics. 


By W. N. Benson. 

A. Apatite at Waihola. 

In Part III of this series of papers (Benson, 1942 A), the writer 
described inter alia two olivine theralites (5061, 5067) from the upper 
and middle portions of a gravitationally differentiated sill, which 
rocks, analysed by F. T. Seelye, were found to contain respectively 
1*22% and 2-24% of P 2 O 3 ., with 0-10% and 0■ 15% of flourine, and 
traces of chlorine in each. Allowing for the presence of sufficient 
chlorapatite and hydroxylapatite to make an apatite composition, 


l-T , A/n/ , 


expressible by the over-simplified formula 3CaO, P 0 O 5 +- 

the rocks contain 2-85% and 5 34% of apatite respectively, the 
mineral in the former being almost pure fluorapatite, that of the 
latter containing about 80% of fluorapatite. Dr. Hutton (see Benson, 
1942A, p. 183) separated the apatite from an analysed zeolitised 
theralite closely associated with the analysed rock (5698), and found 
its refractive indices to be e = 1-6339 and 0 . = 1-637 each ± 0-0002. 
Since then Mitchell, Faust, Hendricks and Reynolds (1943) found 
for a hydroxylapatite * = 1-644, o> = 1-651 each ± -001, and cite 
determinations by McConnell and Gruner of e = 1-629 and to — 1-633 
(each ± -001) for fluorapatite, and determinations by Larsen and 
® er “ ai } of £ = 1664 > and « = 1-667, each ± -001, for chlorapatite. 
Modifying their figure (op. cit. p. 361) by omitting the values for 
hydroxylapatite, it would appear that the refractive indices of the 
.Waihola apatite studied by Hutton fall on the curves drawn and 
indicate that it contains about 85% of fluorapatite. (See Fig. 10A 
herewith.) This testifies not only to the accuracy of Dr. Hutton’s 
optica! measurements, but also to that of Mr. Seelye’s determination 
ot the very small amounts of fluorine in the rocks analysed, a par¬ 
ticularly difficult estimation to make with precision. 

£ be reeall _ed that in the sandstones underlying the basalts 

of Milburn Hill, which are related to, and four miles south-west of 
TWof 3 * and . invadin 8' theralite sill of Waihola, Hutton and Seelye 
(1942) found interstitial carbonate-apatite, francolite, not of directly 
magmatic origin, and possessing still lower refractive indices—viz., 

* — 4‘620 and &> = 1-625-1-627. A complex formula was assigned 
to this mineral m accordance with the structural data adduced by 
McConnell (1938). For the purpose of indicating roughly its chemical 
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relationship to the fiuorapatite of Waihola and older formula used 
by Samojloff (1918)—viz., 2Ca 5 F (PO^Ja CaCO* etc. may, however, 
be cited here. 



Fig. 10 .—A. Refractive indices in the Fluorapatite-Chlompatite system, and of 
the apatite in a thevalite at Waihola. B. Vaiiation of birefringence with 
chemical composition in *non-alkaline clinopyroxenes deduced from Wager 
and Deer’s curves of maximum and minimum refractive indices. 

B. The Birefringence of Non-alkaline Clinopyroxenes. 

Study of the curves showing the variation of the refractive in¬ 
dices and with variation in the chemical compositions of elino- 
pyroxenes expressible in terms of Wo, En and Fs as given by Deer and 
Wager and combined in Fig. 2B of Part IVB of this series of papers 
(Benson, 1944, p. 77) makes possible estimation of the double 
refraction (y — a) for all possible compositions of such clinopyroxenes 
and to express it graphically as in Fig. 10B herewith. Comparison 
of this with Figs. 5 and 9 (pp. 83 and 117) of Part IVB shows that 
the common clinopyroxenes along the main path of the differentiation 
trend for such minerals in dolerites are almost exclusively those with 
high birefringence (7 — a = 022- 028) as the text-books of optical 
mineralogy indicate (e.g., Winchell, 1933, Figs. 140 and 14, pp. 221 
and 223). Where, however, a petrologist has not available the re¬ 
fractive indices of a pyroxene the optical axial angle of which he 
knows, he could utilise the method of estimating its chemical composi¬ 
tions from the values of 2V and the extinction angle, if these optical 
measurements were thoroughly characteristic of the pyroxene- 
composition, which is seldom the case. When using this method 
Fig. 10B herewith might aid in selecting the more probable composi¬ 
tion out of the two indicated by the double intersection of the char¬ 
acteristic curves, by reference to the double refraction of the 
pyroxene, which is readily measured by comparison with that of an 
adjacent grain of plagioclase of known composition, preferably made 
by a Berek compensator. Thus, e.g., a uniaxial pigeonite with extinc¬ 
tion angle of 40° might be either approximately WoisEnyoFsia, in 
which case its double refraction would be about *018, or WooEn 37 Fs 54 , 
in which the double refraction would be 027, which would be easily 
distinguished from the lower value. Unfortunately, in addition to 
the small variation in optic angle with variation in the content of 
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Ti0 2 which would affect the 2V/R.1. or the 2Y/y A c methods of 
optical composition determination, the notable sensitivity of the ex¬ 
tinction angle to variations in the content of sesquioxides and other 
minor constituents and the possibility of an error of up to 5 ° in the 
measurement of this angle by ordinary petrographic methods (less if 
made by the Nemoto method), may involve such large errors, chiefly 
in the determination of the ratio Eli :Fs, that this method of composi¬ 
tion determination is very untrustworthy. (For a detailed discussion 
of these possibilities of error in optical determination see Benson, 
1944, pp. 78-91). It ^eems possible, moreover, that with increase in 
the number of thoroughly investigated clinopyroxenes, some modifica¬ 
tion may be required in the current curves showing relation of re¬ 
fractive indices to chemical composition. With this note of warning, 
Fig. 10B herewith is offered for the use of petrologists who, like the 
present writer, have not access to any publication (if there be one), 
in which a similar diagram has appeared. 
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CORRIGENDA 

PART IV, SECTION B, OP THIS SERIES. 

Trans. Roy. Soc N.Z., Vol. 74, pp. 71-128, 1944. 

Page 71, line 6 above base, for “ (001) ” read “ (010) ”. 

Page 79, line 6 above base, for “ when ” read “ with ”. 

Page 83, line 6 above base, /or inverted formula read Wo x En. 10 Fs 51 _ x . 
Page 87, line 11 above base, for “Tomkieff” read “ Tomkeieff,” as also in 
subsequent mention of this name, pp. 88, 97, 98. 

Page 110, line 19, for “of usually ” read “and usually.” 

Page 112, Table IX, for “Sub-calcic” read “ Subcalcie 
Page 116, line 3, for “ furruginous ” read “ ferruginous ”. 

Page 118, line 20, after “it” insert “is”. 

Page 121, line 33, for “Tertiary Rocks” read “Tertiary Igneous Rocks,” 



